A hybrid switching node structure with light and microwave links is proposed, which is applicable to the future data relay satellite systems, aiming at the development trend of coexistence of lightlink and microwave-link in the future. An experimental system for the light and microwave hybrid switching node based on wavelength selective optical switches (WSS) and optical transceiver modules, is established. It is shown by our experiment that this hybrid switching node can realize the dynamic bandwidth allocation and wavelength routing while the bit error rate of light link is less than 10 −12 , which provides a method for solving the hybrid switching problem of light-link and microwave-link on the future data relay satellite systems.
Introduction
With the continuous developments of high-speed data communication, navigation and positioning, high resolution image acquisition and deep space exploration, the transmission demand of large capacity and high-speed data relay satellite services for inter-satellites is rapidly increasing. Therefore, the inter-satellite light-link has become an important development trend for data relay satellites. In recent years, many developed countries, such as Europe, America and Japan, have successively carried out theoretical research and spaceborne demonstration about the data relay satellite system with inter-satellite light-links, and launched out into corresponding engineering verification and satellite networking project [1] [2] . With the improving performance of inter-satellite light link, it has been a trend for satellite communication (SATCOM) to construct an satellite optical networks based on light link and achieve broadband satellite data communication, which is a principal way to solve contradiction between the exponentially increasing information and the limited bandwidth in existing satellite communication. However, the matured satellite largely depends on microwave link for now, because communication based on microwave can realize multi-beam coverage and get the merits of widespread applications, accessing rapidly and high degree of technological maturity. Moreover, microwave link in space-terrestrial communication system can partially overcome the influence of atmospheric turbulence to ensure the reliability in the satellite communication link. Therefore, microwave link will still be the main body of satellite communication system and space information network system in the future.
The inter-satellite light link possesses many advantages such as high bandwidth, small size, low power consumption, excellent transmission performance and etc., while microwave link in satellite-ground communication could make full use of the mature technology of ground station and avoid the severe influence of atmospheric turbulence on the light link. Hence, the satellite information system with high bandwidth and flexibility will definitely be a heterogeneous hybrid network in the future where light-link and microwave-link can achieve coexisting and complementary advantages. When the information from different satellites or ground stations converges to a data relay satellite node, there will be a spaceborne convergence of microwave link and light link. In this situation, data relay satellite node should have the ability to switch the data of backbone light link as well as to accomplish data access from light-link and microwave-link to build a bridge for both light and microwave network in the inter-satellite and space-terrestrial communications. In recent years, with the continuous development of satellite light communication and the trend of multi-satellite networking in many countries, to solve the problem of light and microwave hybrid switching on data relay satellite is becoming increasingly urgent.
In this paper, a structure of spaceborne light-link and microwave-link hybrid switch is proposed based on wavelength selective optical switch (WSS). A hybrid switching system is designed and experimentally implemented, which can achieve dynamical reconfiguration, optical cross connection and add/drop multiplexing. It is shown by the experimental result of light and microwave hybrid switching that the proposed hybrid switching system can be available for the future satellite networks.
Structure for Spaceborne Light-Link and Microwave-Link Hybrid Node
The data relay satellite system based on light and microwave link hybrid switching is shown in Figure 1 . The satellite backbone network is formed between Geosynchronous Satellites (GSO) by the light link, which takes full advantage of high speed, large capacity, high bandwidth, low power consumption, small volume and anti-electromagnetic interference. Backbone network and access network are connected with light-links or microwave-links, while satellite and ground station are mainly connected by relative mature microwave links [3] . Therefore, the data relay node in backbone network is a hybrid satellite node, which should have the ability of both microwave access and optical switching. The structure of spaceborne light and microwave hybrid switches based on WSS is shown in Figure 2 . It can interconnect light links between the backbone network, realize optical cross-connect and wavelength routing and simultaneously access light and microwave signals. The accessing microwave signal from low earth orbit (LEO) satellites or ground station (GS) is modulated into optical domain to implement transparent processing of microwave signal and then it passes the switching matrix before sent to the next satellite node. The hybrid node also has the ability of optical cross connection and add-drop multiplexing [4] [5] .
The switching fabric is made up of 1 × N wavelength selective switching matrix, shown in Figure 3 . WSS has the ability to independently switch any wavelength to any port without any restrictions imposed by the switching of other wavelengths. WSS is completely reconfigurable by allocating channel spacing and bandwidth dynamically. This property improves the spectrum efficiency and makes it applicable to dynamically changeable network with limited spectrum resources [6] [7] .
Experimental Results of Hybrid Switching Node
The test system of light and microwave hybrid switching node is connected as shown in Figure 4 , which includes the Agilent E4438 vector signal generator, the DWDM optical transceiver, the optical modulator, the polarization controller, the wavelength division multiplexer and de-multiplexer, the 1 × 4 wavelength selective switch, the photodetector, the Anritsu MS9740A optical spectrum analyzer, the Agilent N9020A MXA signal analyzer and the Anritsu MP1800A BERT. The operating wavelength of the optical transmitter module is 1554.94 nm and 1553.33 nm respectively, which corresponds to Channel 28 and Channel 30 in dense wavelength division multiplexing standard (ITU-T). The insertion loss of WSS is approximately 7 dB, and the isolation is higher than 34 dB.
Firstly, the channel spacing and bandwidth allocation for 1 × 4 WSS will be tested. The wide-spectrum light from a light diode enters the input "com" port of the WSS through a variable optical attenuator. A personal computer (PC) is employed to send control commands through its serial port and after the channel spacing, wavelength routing and attenuation for each channel are allocated the spectra is observed by optical spectrum analyzer. The bandwidths assigned to each channel are 25 GHz, 50 GHz, 100 GHz and 200 GHz, respectively and the attenuation for each channel is 0 dB. As shown in Figure 5 , the −3 dB bandwidths of the four channels are Secondly, let's verify the hybrid switching ability between light-links and microwave-links. The experiment is based on the designed testbed shown in Figure 4 . The microwave link signal is generated by E4438 vector signal generator. The rate of the digital baseband signal is 50 Mbps and the carrier frequency is 5 GHz, and the modulation mode is 16QAM. The microwave signal is transformed into an optical signal and then, it passes through the hybrid node (B→D) and outputs from the third port of the wavelength division demultiplexer at the bottom right. Its spectra are shown in Figure 6 and Figure 6(a) shows the spectrum of input 5 GHz signal modulated by 50 Mbps RF signal, and The dotted line shown in Figure 4 indicates the signal flow of between the light-links and microwave-links after switching controlled by the computer (A→D, B→C). The experimental results are consistent with those of previous tests. The hybrid switching node designed can accomplish data exchange between light-links and microwave-links to achieve the function of the data relay satellite.
Conclusion
In this paper, a light-microwave hybrid switching node applicable to data relay satellites, is designed and an experimental platform based on 1 × 4 WSS and optical transceiver module, is set up. The experiment results indicate that the hybrid node can realize dynamic bandwidth allocation and wavelength routing, which highly improves the spectrum efficiency of spaceborne communication system. It reveals through experimental testing that this node can implement the light and microwave hybrid switching. The signal of microwave link is transformed into optical domain to implement the transparent processing using optical transceiver module, while the bit error rate of light link in the loopback test is less than 10 −12
. The hybrid node designed is applicable for the situation of converge for light-links and microwave-links on a data relay satellite, which has many advantages such as high spectrum efficiency, transparent data processing and etc.
